2A oY = 1N AN . — IJJ'—’"}"',/’

.

This document contains classified information affecting
the National Defence of the United States within the

meaning of the Espionage Act, USC 5631 and 32.
lte wansmission or the revelaton of its contents in
any mannper to an urauthorized person is prohibited by
law. Information so classifi-d may be imparted only
to persons in the military and naval Services of the
United States, appropriate civilian officers and employees
of the Federal Government who have a legitimate intereat
therein, and to United States citizens of known loy

discretion who of necessity must be informed thexeof

TECHNICAL NOTES

FATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 'éb o

No, 845

GROUND EFFECT ON DOWNWASE ANGLES AND WAKE LOCATION

By S. Katzoff and Harold H. Sweberg B
Langley Memorial Aeronautical Lahoratory R

FOR RerprEncg . 00000 e wEEEE

—_— e )
Bppraded/Dowmgraded tos g/

Uncloss fred _ons3-201-82

' -LaB: Securihy {Classificatlion) (Date)

mmmmm-msm e cor gacﬁﬁ-mew& Al
by %‘Wﬂ a5 ?n‘ NACA (15

{I¥%entity of Person) {Authority)

Washington
May 1942

- e e ——



UNCLASSIFIED

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE NO. 845

GROUND EFFECT ON DOWNWASHE ANGLES AND WAKE LOCATION

By S. Katzoff and Harold H., Sweberg
SUMMARY S

A theoretical study has been made of the reduction
in downwash and the upwerd displacement of the wake in
the presence of the ground, and some verification of the
theory has been obtained by means of air-flow measure=-
ments made with a ground-board and image-wing combination.
Methods are given for estimating the effects and numerous T
examples are included to illustrate the nature of these
effects and to show their order of magnitude. -

INTRODUCTION .

- An important consideration in the analysis of the
handling characteristics of an airplane is the large re-—
duction of downwash ir take—off or in landing occasloned
by the proximity of the ground. A relsted consideration
1s that the wing wake, which under normal flight conditions
generally passes below the tail, is displaced upward by the
ground and may envelop the tail Just as a landing is about
to be made. . .

The basis for the calculation of downwash angles and
wake characteristics for the normal condition (without o
ground effect) is discussed at length in reference 1l; a
resume of the theory is given in reference 2, together’
¥ith numerous charts to facilitate its application. The
present paper is essentially a supplement to these papers =~ - -
and extends the theory and the methods of calculation fo ~
cover take-off .or landing -conditions. It includes also
a sufficient number of 1lllustrative examples to enable the
designer to estimate the effects of the ground on the wake
location and on the downwash angles.

A few wind-tunnel tests were made to provide some
verification of the theory and to indicate that no
important factors had been neglected.
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SYMBOLS

1ift coefficient

1ift coefficient at a particular angle of attack,
flaps up

increase of 1ift coefficient, at the same angle of
attack, on deflecting the flap

section profile-drag coefficient

aspect ratio

angle of attack

downwash angle .

downwash angle contridbuted by pléin wing
downwash angle contributed by flap

span

chord

root chord

mean aerodynamic chord

vertical distance from ground to wake origin at
root section - ’

distance from wing aerodynamic center to ground

downward displacement of center line of wake from
its origin at tralling edge, measured normal to
relative wind

vertical distance from elevator hinge axis to wake
origin at root section, measured normal to rela-
tive wind (positive if hinge axis is above trail-
ing edge)

longitudinal distance from elevator hinge axis to
guarter~chord point of root section.
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£  longitudinal distance from elevator hinge axis to
' traillng edge of root section '

wake half-wldth

a ~correction feector in formula for ground effect on
engle of attack

q free~stream dynamic pressure

THEORY

In the proximity of the ground, the wing vortex
system 1s reflected in the ground and the resulting down-
wash at the tail corresponds to the combined field of
flow of the two symmetrically situated and oppositely
rotating vortex systems. The superposition is illus-
trated in figure 1. Flgure 1(2) shows the downwash
field in the plane of symmetry of & wing, under normal
flight conditions; the field is symmetrical about the
wake, which is so curved that its slope at every point
is the tangent of the downwash angle at that point.

The superposition of the reflected downwash field when
the wirg 1s near the ground is shown in figure 1(d);

the downwash angle at every point is the algebraic sum

of the two downwash angles, and the slope of the wake

at every point is the tangent of the résuliant downwash
angle at that point. The resultant field is shown in
figure 1(e}.. . ] - ST R

The assumption, implied in thls procedure, that
the system of bound and trailing vortices is independent
of the distance from the ground does not strictly hold.

First, since the fleld of the reflected bound vortex re-

duces the effective alrspeed at the wing, the average

strength of the bound vortex must be correspéndingly

increased in order to maintain the given 1ift coefficient.
EE%EL percent, and the results
obtained by the procedure given may, for better accursacy,

be increased by this amount. Second, the distribution

of the bound vortex across the span of the wing will be
altered . by the presence of the ground with, usually, a =
slight concentration toward the center of the wing., '
Third, the trailing vortices shed from the tips of the

wings and the flaps do not extend straight back dut move

This incfease is about
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laterally outward under the influence of thelr own reflec-
tlons. The last two effects are relatively small and

are probably negligible for most cases. ¥or a practical
first approximation it appears permissible to neglect all
three effects because, for distances from the ground for
which they becomé pronounced, the downwash angles are 80
far reduced that even relatively large percentage errors
are numericelly small.

The wake, together with the flow into it (reference 2),
may also be considered to be reflected in the ground.
Inasmuch as this inflow is appreciable only within or very
close to the wake, the effect of the reflected wake will
generally be negligible unless the wing 1s less than one
chord from the ground.

The analysis given in reference 2 of the flow into
the wake has been repeated on the basis of the more recent
wake studies included in reference 3. The results (fig. 2)
indicate that the effect 1ls less than that shown in rerer-
ence 2, especlally near the edge of the wake.

It may be remarked here, with respect to the actual
prediction of tail forces, that some uncertalnty exists
"regarding the calculation of the effective angle of attack
of the tail when 1t is near the center of the wake, where
the wake effect changes rapldly with dlstance from the
center. JFor such conditions, the relation between the
effective flow at the $ail and the flow which would exilst
in that region in the absence of the tail may not be very
close, Experimental studies of the forces on an airfoll
in a nonhomogeneous field of flow, as in a wake, would be
of considerable ald in thls respect. .

It may be noted further that the methods of reference
2 are not very accurate in certain cases, for example, 1f
the fuselage is a poor aerodynamic dbody or 1if the additional
1ift due to flap deflection does not carry across the fuse-
lage. Sueh inaccuracy may be expected to persist near the
ground; however, prediction of the wake location, which
will often be the most criticsl of the variables involved,
will be relatively unaffected by these 1inaccuracles.

APPARATUS AND TESTS

Por the tests the ground was represented, as suggesated
in referende 4, by an image alrfoll and a ground board having
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its leading edge midway between the test airfoil and the
image (indicated diagrammatically in fig. 3). The test
airfoil was a 10- by 60-~inch 'rectanguladr NACA CYH airfoil
equipped with pressure orifices 'along the mid-semispan
section; the image 'airfoll was similar in form but had a
Clark Y section., No balance was used; the relation between
the 1ift coefficient at the section containing the orifices
and the 1ift coefficlent of the wing, &s determined from
previous tests, was used to estimate the 1lift. The ground
board was of 3/4-inch plywocd; although prabably too thick
for the usual studies of ground effect on lift and drag,

it was considered satisfactory for downwash studies. The
airfoils and the ground board were mounted vertically on
the floor of the entrance come of the NACA full-scale

wind tunnel (fig. 4), the alinement of the ground board
with the air stream beilng verified by means of static
pressure measuremernts made near the leading edge on both
sldes. Alrspeeds of about 50 miles per hour were used

for the tests.

Measurements of &ownwash anglss and of total and
static pressures were made in the plane of symmélry of ~
the airfoil by means of a two-finger yaw-hezd (reference 5)
and a total- and a static-pressure tube placed near 1%
(fig. 4), One test was made of the plain airfoll at a
distance of 1.0c (measured to the guarter-chord 1£ne) from
the ground, at a 1ift coefficient of 1.0. For the air-
foils fitted with full-span 0.20c split flaps deflected
60°, measurements were mede at distances of 0.6, 1.0,

and l.4c from the ground at a 1ift coefficient of about 1.6,

The accuracy with which the airfeoil 1ift coefflcients
were estimated from the section 1ift coefficients was con-
sidered satisfactory; although the relation between the
two .1s. probably altered:somewhat in the presence of the

round. Most of the downwash angles are scgurate To —
within about 0.259, In the wake, however, especially
near the trailing edge, the excessive turbulence prodbabdly
contributed further error, as was indicated by the fact
that the separate pressure readings of the two fingers

of the yaw head did not bear the same relation to their
difference as did the readings outside the wake,

The combination of & half-ground-board and an image
wing ls probably the most pracgtical of the acceptable
methods of studying ground effect on airfoils. As has
been shown by a number of investigators, the boundary
layer on a ground board that extends zhead of the air—



e . NACA Technical Note No. 845

the leading edge of the airfoll, owing to the positive
pressure. gradient in that region. For the.combinatlion,
however, the leading edge of- the board is-at the region
of maximum pressure and -the boundary layer develops 1n

a negatlive pressure gradient. Some preliminary studles
indicated that thls negative gradlent continues for some
distance .behind the airfoil and that the boundary layer
remalns of negligidble thickness throughout the region
where 1t might influence the airfoll characteristics. -
Apparently, the image wing need not be an exact repro-
duction of the :test wing (reference 4); the thickness

of the leading edge of the ground HBosrd should be reason-
ably small, however, for-the leading edge corresponds
essentially to a discontinulity in the ground level.

RESULTS OF TESTS AND DISCUSSSION

-

The experimental downwdsh-angle contours are com-
pared with the calculated contours in flgures 5§ to 8.
Since the observed wake of the flapped airfoil indicated
a profile-drag coefficient of about 0.135, the wake effect
corresponding to this value was ' included in the calculated
contours,

The main discrepancy between the experimental and
the caluculated values of ¢ appears in the regicn close
to the.trailing edge, where the experimental values are
.hlgher than the theoretical; a vortex at the guarter-
chord line is apparently too inexact a substitute for =
wing, especilally a flapped wing, to glve accurate results
for the flow near it. 1In the region where the tail sur-
face 1s usually placed, however, the agreement is satis-
factory. The observed variation in downwash across the
wake seemed to be somewhat less sharp than that indicated
by the theory; as has already been noted, however, the
measurements within the wake were relatively inaccurate.
Inasmuch as the calculated and the observed locations of
the wake center line agreed within the accuracy of the
measurements, only one wake center line is shown in each
figure. : . T

APPLICATION

Examples of Ground Effect .

A numbdber of examples of the groﬁnd effect on down-
wash angles and wake location are given in figures 9 to 13,
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These figures may be used for design charts because the
examples cover most conditions of practical interest;
that is, enough cases are included not only to illustrate
tha nature of the effect but-also to permit an estimate
of the order of magnitude of the effect in any case. TFor
use at 1ift coefficients other than those shown, the down-
wash angles and the downward displacement of the wake may
be assumed proportional to the 1ift coefficient, Wo wake
effect was included in the computations for these flgures
inasmuch as the proflle—-drag coefficient would depend on
the type of high~1ift device used; the corection for the
ground effect on the effective alrspeed at the wing has
also been omitted because the value of d/g depends,.to
some extent, on the geometric characteristics of the wing.

Calculation Procedure

Figures 9 to 13, together with figure 2, will prob-
ably suffice to indicate to the designer the magnitude
of the ground effect and the conditions that the air-
Plane must meet near the ground., In order to complete
the presentation and also to show the methods' of calou-
lation for cases not covered by the 3illiustrations, the '
following additional discussion of the method is given:

osition of the downwas elds, - The only
complication in the process of superposition illustrated
in figure 1 is_that the location of the wake cannot be
predetermined because it depends on the resultant down-
wash fleld. For any particular case, a satisfactory
method of locating the wake is to assume a wake location,
calculate the corresponding downwash angles along it,
ad just the wake location to these angles, recalculate
the downwash angles, readjust the wake location, and so
on until further steps produce no change. Two or three
gteps generally suffice.

Another method is to draw the wake center line as
2 series of straight sections starting at the trailing
edge (or wake origin), the slope of each_section being
determined by the coordinates of its first point.
(This method corresponds to the step-by-step integra-
tion of the differential equation, dy/dx = f(x,y).) -~
A modification of this method was found to be simplest:
for locating the wake at any particular distance behind
the traliling edge within the normal range of tail posi~+
tions. It depends on the observation that, in this range,
the average slope of the wake between the trailing edge
and a point distant ¢ ©behind it is very nearly the slope
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of the wake at 0.45f(f from the trailing edge, while"

the average slope between the tralling edge and the point
at 0.45¢( 4is very nearly the slope at 0.20¢t from the
tralling edge. These relations are illustrated in figure
14, The method of computing the wake displacement at a
distance f thus consists of the following steps:

a. Without considering wake displacement, calcu-
late the downwash angle «¢p5,50 (resultant of the actual
and the reflected vortex fields) in the wake at 0,20t
behind the tralling edge.

be Calculate the wake displacement at 0.45f ©behingd
the tralling edge as 0.45f x tan €y 50

¢. Taking this dieplacement into account, find the
downwash angle €, 4,5 'in the wake at 0.45f Dbehind the
tralling edge.

d, Calculate the wake displacement at { behind
the trailing edge as £ x tan €4, 45.

The wake effect (fig. 2) is added as described i
reference 2 with consideration, also, of the reflected
wake for positions very close to the ground. 7For such
positions it may happen that the wake half-width, as
calculated by the methods of reference 2, exceeds the
distance from the wake center to the ground., In this
case the ground effect will no longer be simply a reflec-
tion of the normal wakej for the calculation of downwash
angles, however, the assumption of simple reflection will
give approximately correct results though, physically,
the corresponding concept of a wake lmage partly extend-
ing above the ground is obviously 1incorrect.

The small correction for the variation of downwash
across the tail span (fig. 21 of reference 2) may be
disregarded 1in these calculations,

r o i ~ Although this paper 1s not
primarily concerned with the ground effect on the wing
1ift, some remarks concerning it may be in order, inas~
much as 1its magnitude must be known for any application
of these results. For a glven lift coefficient, the
angle of attack decreases as the airplane approaches the
ground; hence the corresponding increase in the angle of
attack of the tall is, for a given 1ift coefficlent, less
than the decrease in the angle of downwash. .
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The ground effect on the wing may be considered to con-
sist essentially of three parts: (2) a reduction in the effec~
tive airspeed at the wing, due to the fleld of the reflected
bound vortex, (b} & change in the effective camber and air-
foil section characteristics in general, due to the curvature
and distortion of the flow by the reflected wing, and (c) =a
reduction in the induced angle at the wling, due to the upflow
associated with the reflected trailing vortices. An exten-
sive theoretical analysis 1s given in references & and 7, and
the results are summarized in the appendix of reference 8.

As indicated in reference 8, however, (c¢c) alone appears to
account approximately for the observed ground sffect on 1ift,
so that (a) and (b) may be considered to nullify each other
for most conditions of practical interest. 'A simplified
theory based on (c¢) alone may therefore be tentatively rec-
ommended, at least for stabllity and control calculations.
The reduction in the angle of attack for a glven 1lift coef-
ficient 1s then gilven by the equation

CL
Aa = -67.3 =2 0

in which, by reference 8,
o = e—a.4a(ad/'b)0t768

For the landing attitude, o may be of the order of 0.5,
which corresponds to the effective doubling of the aspect
ratio.

Résumé of Method -

For the calculation of downwash angles and wake loca-
tion in the proximity of the ground, the procedure given in
reference 2 1s revised as follows: ° ) T

Plain wings. - ' - T

1. Determine x, €, m, and z in semispans.
(Consider the wake origin to coincide with
the trailing edge.) o

2. Determine the downward displacement h of the
wake center line at the slevator position
in the following steps.

.

‘4. Determine €o,a0 from the downwash charts
of reference 2._

€0,30 = [5(1 - 0.8¢, 0)-c(x— 0.8¢, 22)]

|
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' (The term ¢(x - 0.8f, 0) is the down- '
wash angle read from the appropriate
chart of reference 2 at the point
x - 0.8¢ abscissa and O ordinate.
Similarly, the term ¢€¢(x - 0,8¢, 2z) .
is read at the point x -~ 0,.8¢ abscissa
and 2z ordinate, It will be noted that
the ordinates 1in the charts are thus
considered as vertical distances from
the wake center; the present label,
"vertical distance from gquarter-chord
point,% which applies only to the
"undisplaced” downwash-angle contours,
has given rise to some confusion.)

from the cownwash charts.

b. Determine ¢€g5,45
€0,45 = CL-{e(x ~ 0.55E, 0) .

-€ [x - 0.55¢, 2(z - 0.45¢ tan.eo.ao)}} ’

—

c., h =t tan eg a5 X : i

3, Determine the downwash at the hinge line as

R RS

la 4 2] -

1. Determine x, £, m, and z as before but
measure m and z from the wake origin

rather than from the trailing edge.
2. Determine ‘h in the following steps:

8. €9.50% 0Ly [ew(x-o.sﬁ, Q) —ew(x-0.8§,2z)

+ Crs [Ef(x" 0.8(, 0) - ef (x—~0.8f, 2z),

(N SUUUUNIS I SR

where the subscripts of ¢, and ¢f
signify that these values are to be read
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-from the downwash charts for the plain
wing and for“the flap, respectively.

b. _€Q0.,4a5= ch]r"-'.v(x- 0.55E, 0)—'€w‘Lx- O. 55§

2(z - 0,45¢ tan eo 30)]1

3

+ Crg {Ef(x - 0555E)
- ef[xng.55§. 2(z - 0,45t tan eo'aO)l}

c. b=1F§ tan €45 .

+ ch [ef(x, m + h) - €f'(x' 2z + m - h)} -

Add the wake corrertion (fig. 2); which is a
function of °p, g(measured in root-chord
lengths), and "+ h (measured in root-
chord lengths).

Add the correctlon for the reflected wake,
which is a function of Cdqt £, and Bz+ m+~ h,.

Examples

The specimen calculations of reference 2 will be re-
peated here for the case in which the trailing edge or wake

origin is 0.2

flap—up condition, the reduction in angle of attack Tor the

semispan from the ground (fig. 15). For the

given 1if4 coefficient 1s about 0Q.7°; for the flap-down L

condition, the reduction is about 1.2°, These changes o

correspond to

an increase in. m of about 0,01b/2. The

steps Just outlined are: o } R

Flaps up.
1ls

2.

(An extrapolation of  the downWash'angle, - ' _ '}_;

X =.0,68, £=10.43, m =0, z = 0.2

a, €g,h0 = o.9‘[c(o.34. 0) - €0.34, 0.4)1

0.9 (7.5° « 3.29) : ’ o

= 8.,9° . o«
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charts was necessary to find these values
of €.o)

b, €0.45. = 0.9 [5(0.44, 0) - ¢(0.44, 0.37)]
='009 ('6.60’ - 3.50) = 2.80

= 0.43 tan 2.8°

Q
&
'

0.02"

[vn}

)

™
1}

o.g{?e(o.ss, 0.02) - €{0.68, o.za)]
. - -J

0'9 (5-80." 3030)
= 2.8°

The wake half-width is about 0.03 semispan and
the tall liles in it at 0.02 semispan from its center,

Flaps down.~
i. x=0.68, ¢=0,43, m=0,03, 3z = 0.2

2. a. 60'20 = 0.9 [ew(0.34’ 0) - €W(0.34’ 0.4)‘,
~

+0.76 [ef(o.34. 0) - €p(0.34, 0.4)]

-4
= 009(7-50’: 3.20) + 0-?6(9.50"‘ 4'10)
= 3,90 + 4.1°

= 8.0°

b. €0,45 =-0,9 [ €y (0.44, 0)-—€w(0 44, ©. 35)1

+0.76 (Gf(O 44, 0) = ¢p(0.44, O. 35)1
[

0.9(6.6°-3.6°)+ 0.76(9,0°~ 4.6°)

= 2.7° +-3.3°
= 6,0°
¢. h = 0.43 tan 6O©

i = 0,06



NACA Technical Note No. 845 13

3. €= Ong €w(0.‘8, 0108) - EW(O-BS, 0-38)]

+

0.9(5.3° - 3,3%°)+0.76(7.3° - 4.2°)
1.8° + 2.4° ‘

n .

‘4,20
4, m + h = 0,08 seﬁisPan
= O .24 ¢

Since the wake half-width { is 0.34 co,,
the tail is within the wake, Figure 2 in-

dicates a downwash~angle increment of 1.5°.

5, 2z + m - h = 0.37 semispan
= 1. 11 Cr

The reflected wake 1s thus too far away to
have an appreciable effect.

The downwash angle at the hinge line is
4120 + 1.50 = 5.70

which is 5° 1less than the value (10.70) calculated
for the case without ground effect. Since the attidude
of the airplane has changed by 1.29, the increase in the
angle of attack of the tail is only 5° - 1.29, or 3.8°,

The dynamic pressure at the hinge line, which is

%*%% = 0.71 wake half-width from the wake center 1s (by

fig. 24 of reference 2)

(l - 0.2 X Oosz)q = Ov87q

Langley Memorial Aeronautical Laboratory,
Nationgl Advisory Committee for Aeronautics,
Langley Field, Va., October 3, 1941.

0076 Ef(o-es' 0.08) - €f(0'68, 0.38)] ’
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Figure 1.- Illustration of the ground effect on the downwash field
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Figure 3.~ Half-ground-~board and imege-wing
combination.
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Figure 5.- Rectangular
NACA CYH w1ng,
A, 6; Cp, 1.0; z/8, 0.83.

[PV

Figure 6.~ Rectangular .

- NACA CYH wing
w1th full-span 0.20c split
flap deflected 609; A, 6;
Cr, 1.6; z/c, 0.41.

Figure 7.- Rectangular

NACA CYH wing
with full-span 0.20c split
flap deflected 60°; A, 6;
cr, 1.6; z/c, 0.78.

Figure 8.- Rect lar
NACA C win%

with full-span 0.20c split

£lap deflected 60°; A, 6;

Cr, 1.6; z/8, 1.18.

Figures 5 to 8.- Comparison of theoretical with experimenta_l downwash angles in
the presence.of the ground.
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. Full-span flap; Cr, 2.5
Figure 9.- Theoretical downwash-angle contours and wake positions for various

Plain wing; Cp, 1.5

4, 6; taper ratia, 1l:1.
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Figure 11.- Theoretical downwash-angle contours and wake positions

ground.

A, 6; taper ratio, 3:1.
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Figure 14.- Illustration of the simplified method of

determining the wake displacement at a distance
¢ behind the trailing edge. The average slope between the
trailing edge and £ approximately equals the slope at O. 45%
and the average slope between the trailing edge and O. 452
approximately equals the slope at 0.20%.
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Figure 15.- Illustration for the specimen calculations
" of downwash and wake.
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